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Abstract
Adult outbred Sprague-Dawley rats can be classified as either low or high cocaine responders (LCRs
or HCRs, respectively). Importantly, LCRs and HCRs are distinguished by their differential
responsiveness to acute cocaine-induced (but not baseline) locomotor activity, inhibition of the
dopamine transporter (DAT) and resulting extracellular DA (HCR>LCR), as well as by repeated
cocaine-induced locomotor sensitization and measures of cocaine’s rewarding and reinforcing effects
(LCR>HCR). Curiously, 30 min after acute cocaine HCRs exhibit greater DAT-mediated [3H]DA
uptake into striatal synaptosomes than LCRs. To investigate this finding further, we measured
locomotor activity, striatal [3H]DA uptake kinetics and DAT cell surface expression in LCRs and
HCRs over an extended period (25 – 180 min) after a single relatively low-dose of cocaine (10 mg/
kg, i.p.). HCRs exhibited the “predicted” locomotor response: a marked initial activation that returned
to baseline by 120 min post-injection. While LCRs exhibited a >50% lower maximal locomotor
response, this increase was sustained, lasting ~33% longer than in HCRs. At 25 min post-cocaine,
maximal velocity (Vmax) of [3H]DA uptake was significantly higher by 25% in HCRs than LCRs,
with no difference in affinity (Km). Despite the DAT Vmax difference, however, DAT surface
expression did not differ between LCRs and HCRs. There was a similar trend (HCR>LCR) for DAT
Vmax at 40 min, but not at 150 or 180 min. These findings suggest that, compared to LCRs, HCRs
have an enhanced ability to rapidly up- regulate DAT function in response to acute cocaine, which
may contribute to their more “normal” cocaine-induced locomotor activation.
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1. Introduction
Cocaine addiction remains a significant public health problem. Importantly, however, it is
estimated that only 10–15% of initial cocaine users will become addicted (Gawin, 1991).
Individual variability in cocaine’s CNS effects likely contributes to these differences. Indeed,
studies of individual differences in humans have found that greater positive subjective
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responses following initial cocaine use predicts greater lifetime use and dependence (Davidson
et al., 1993; Lambert et al., 2006). Thus, identifying factors that contribute to individual
differences in susceptibility to cocaine addiction could help in development of effective cocaine
addiction treatments and prevention strategies.

Previously, we have shown that adult outbred Sprague-Dawley rats, classified as either low or
high cocaine responders (LCRs or HCRs, respectively), are a useful animal model for studying
individual differences to cocaine (Allen et al., 2007; Briegleb et al., 2004; Gulley et al.,
2003; Mandt et al., 2009; Mandt et al., 2008; Nelson et al., 2009; Sabeti et al., 2002, 2003).
Classification is based on the magnitude of locomotor activity induced during the first 30-min
after an acute, relatively low-dose of cocaine (10 mg/kg, i.p.); LCRs fall below the group
median and HCRs above. Importantly, LCRs and HCRs do not differ in brain cocaine levels
(Gulley et al., 2003). Although HCRs exhibit greater initial cocaine-induced activation, with
repeated cocaine administration LCRs exhibit greater cocaine-induced locomotor
sensitization, cocaine conditioned place preference (CPP) and motivation to self-administer
cocaine (Allen et al., 2007; Mandt et al., 2009; Mandt et al., 2008; Nelson et al., 2009; Sabeti
et al., 2002, 2003). Thus, LCRs appear to represent a phenotype for increased susceptibility to
the rewarding and reinforcing properties of cocaine.

Cocaine inhibits dopamine transporter (DAT)-mediated uptake of DA, and striatal DATs are
critically involved in mediating the rewarding and reinforcing effects of cocaine (Chen et al.,
2006; Ritz et al., 1987; Thomsen et al., 2009). DATs can also be rapidly regulated following
exposure to either substrates or inhibitors (see Gulley and Zahniser, 2003; Williams and Galli,
2006). Cocaine increases DAT function and surface expression after both in vitro and in vivo
exposure (Daws et al., 2002; Little et al., 2002).

Acute cocaine inhibits in vivo DAT-mediated striatal DA clearance to a greater extent and
results in higher extracellular DA levels in HCRs than LCRs (Nelson et al., 2009; Sabeti et al.,
2002). Since cocaine’s potency to inhibit DAT-mediated [3H]DA uptake is inversely related
to DAT expression level (Chen and Reith, 2007), HCRs would be expected to have fewer DATs
than LCRs; and this was recently found to be the case (Nelson et al., 2009). Surprisingly,
however, uptake measured ex vivo with a single sub-saturating [3H]DA concentration in
washed striatal synaptosomes 30 min post-cocaine is greater in HCRs than LCRs (Briegleb et
al., 2004). One possibility is that the greater uptake in HCRs reflects a compensatory increase
in DAT function and/or surface expression. Additionally, cocaine-induced locomotor activity
and DA clearance have been monitored in LCRs and HCRs for only 60 min post-cocaine,
making a longer post-cocaine time course of interest (Gulley et al., 2003; Sabeti et al., 2002).
Therefore, here we measured locomotor activity in LCRs and HCRs, along with [3H]DA uptake
kinetics and DAT cell surface expression in striatal synaptosomes, up to 180 min after acute
cocaine administration (10 mg/kg, i.p.).

2. Materials and methods
2.1. Drugs

Dopamine hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA), (−)-
cocaine hydrochloride was generously provided by the National Institute on Drug Abuse
(Research Triangle Institute International, Research Triangle Park, NC, USA) and saline (0.9%
sodium chloride) was purchased from Baxter Healthcare Corporation (Deerfield, IL, USA).
Cocaine was dissolved in saline at a concentration of 10 mg/ml and injected i.p. in a volume
of 1 ml/kg. This single dose of cocaine was chosen because it has previously been used to
classify and study LCRs and HCRs (Allen et al., 2007; Briegleb et al., 2004; Gulley et al.,
2003; Mandt et al., 2009; Mandt et al., 2008; Nelson et al., 2009; Sabeti et al., 2002, 2003).
Drug weight refers to the salt. Saline was injected i.p. in a volume of 1 ml/kg as the vehicle
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(veh) control. [3H]DA (specific activity 39–60 Ci/mmol) was purchased from Perkin-Elmer
Life Sciences (Boston, MA, USA). EZ-Link sulfo-NHS-biotin and immobilized monomeric
avidin beads were purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA). Antibodies
used included: mouse monoclonal anti-protein phosphatase 2A catalytic α subunit (PP2Aα)
primary antibody from BD Transduction Laboratories (San Diego, CA, USA); mouse
monoclonal anti-DAT primary antibody, a generous gift from Dr. Roxanne Vaughan
(University of North Dakota, Grand Forks, ND, USA; Gaffaney and Vaughan, 2004); and goat
anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibody from Bio- Rad
Laboratories (Hercules, CA, USA). All other chemicals were purchased from either Sigma-
Aldrich or Thermo Fisher Scientific.

2.2. Animals
Separate groups of outbred male Sprague-Dawley rats (200–300 g) were purchased from
Charles Rivers Laboratories (Wilmington, MA) for use in the behavioral/uptake experiments
at four post-cocaine time-points (25-min group n = 24; 40-min group n = 27; 150-min group
n = 27; 180-min group n = 34) and the behavioral/biotinylation experiments at two post-cocaine
time-points (30-min group n = 36; 180-min group n = 24). In addition, a separate group of rats
(n = 5) was used to assess vehicle-induced locomotor activity over the 180 min post-saline
injection. Two cocaine-treated rats and one vehicle-treated control rat were used in each daily
experiment, with the exception of one group of rats in the 180-min post-cocaine condition (n
= 10 of the 34 listed above), which did not include a vehicle-treated group. Rats were housed
four per cage with ad libitum access to food and water in the animal care facility at the
University of Colorado Denver (UCD) – Anschutz Medical Campus for one week before being
used in an experiment. This facility is on a 12-h light/dark cycle (lights on at 0600 h), and all
testing was conducted during the light cycle. All animal care and use procedures were in strict
accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved
by the UCD Institutional Animal Care and Use Committee.

2.3. Locomotor activity testing
Locomotor activity testing was conducted as previously described (Gulley et al., 2003). Rats
were taken to the behavioral testing room in their home cage and allowed to habituate for 45
– 60 min. At the start of the behavioral recording session, rats were placed in open-field activity
chambers consisting of acrylic boxes (16″ × 16″ × 15″) fitted with a photo beam frame (eight
beams per dimension 0.5″ from the floor; San Diego Instruments, San Diego, CA, USA). After
acclimation to the novel environment for 90 min, rats were injected with either vehicle or
cocaine and returned to the chamber for various times depending on the experiment. For the
uptake experiments, cocaine-induced locomotor activity was recorded for 20, 30, 140 or 170
min post-injection. For the biotinylation experiments, cocaine-induced locomotor activity was
recorded for either 25 or 170 min post-injection. The time difference between locomotor
activity recordings and biochemical assays (e.g. locomotor activity over 170 min and uptake
assay at 180 min) is a result of the time required for tissue preparation. Vehicle-treated control
and cocaine-treated rats were placed in identical chambers; but with the exception of one
vehicle group, locomotor activity was not recorded for the controls. Locomotor activity was
quantified using the automated consecutive horizontal photo beam interruptions converted to
distance traveled (cm) per 10-min bins. The sum of distance traveled over 30 min post-cocaine
was used to determine the median split for all rats within each group and to categorize the rats
as either LCRs or HCRs, with two exceptions: the sum of distance traveled over 20 min and
25 min post-cocaine was used for LCR/HCR classification of rats in the 25-min uptake and
30-min biotinylation groups, respectively.
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2.4. [3H]DA uptake assays
The bilateral striata (primarily dorsal striata) of LCR, HCR and control rats were rapidly
dissected on ice and homogenized with a glass homogenization tube and Teflon pestle
(Wheaton Science Products, model # 358029; Millville, NJ, USA) in ice cold phosphate buffer
(3.3 mM NaH2PO4 + 12.7 mM Na2H PO4, pH 7.4) containing 0.32 M sucrose. The tissue
homogenate was centrifuged at 1000 g for 12 min at 4 °C, and all subsequent centrifugations
also occurred at 4 °C. The supernatant was centrifuged at 12,500 g for 15 min to isolate the
synaptosomal P2 pellet, which was resuspended at 50 mg wet weight/ml in assay buffer (134
mM NaCl, 240 mM KCl, 65mM CaCl2, 70 mM MgSO4, 3.3 mM NaH2PO4, 12.7 mM Na2H
PO4, 11 mM glucose, and 1 mM ascorbic acid, pH 7.4). Next, synaptosomal tissue (40 μl) was
preincubated with assay buffer containing 1 μM pargyline for 10 min at 37 °C with gentle
shaking. The preincubation step was followed by the addition of [3H]DA (5 nM); the uptake
assays were performed for 3 min at 37 °C. The single [3H]DA concentration specific uptake
assay was used only to assess viability of the synaptosomes used in the cell-surface
biotinylation assays (see below). Analysis of DAT kinetic parameters was conducted using
saturation uptake assays with seven concentrations of unlabeled DA (0, 5 nM, 10 nM, 50 nM,
0.1 μM, 0.5 μM, and 1 μM) added concomitantly with the [3H]DA (0.5 nM). In all [3H]DA
uptake assays, non-specific uptake was determined with 100 μM cocaine. All samples were
assayed in duplicate, and all uptake assays were halted by placing samples on ice, followed by
three washes each with 3 ml of ice-cold 0.32 M sucrose and filtration through Whatman GF/
C filters with a cell harvester (Brandel, model # M-24). Radioactivity in the filters was
determined using liquid scintillation spectrometry. Protein levels were determined using the
Bradford method (Bradford, 1976) with bovine serum albumin (BSA) as the standard.

2.5. Cell surface biotinylation
Cell-surface biotinylation assays were conducted as previously described (Hoover et al.,
2007; Richards and Zahniser, 2009; Zhu et al., 2005b). Following behavioral recording,
synaptosomes were prepared as described above, with the exception that tissue was
resuspended at 100 mg wet weight/ml in Krebs assay buffer (118 mM NaCl, 4.7 mM KCl, 1.2
mM KH2PO4, 1.2 mM MgSO4, 0.045 mM Na-EDTA, 1.7 mM CaCl2, 25mM NaHCO3, 10
mM dextrose, 0.1 mM pargyline, 0.1 mM ascorbic acid, pH 7.4; saturated with 95% O2/5%
CO2). An aliquot of tissue was removed for [3H]DA uptake measurement (see above). The
remaining tissue was centrifuged at 8000 g for 4 min at 4 °C, and the resulting pellet was
resuspended at 100 mg wet weight/ml in phosphate buffered saline (PBS)/Ca2+/Mg+ buffer
(138 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 9.6 mM Na2HPO4, 1mM MgCl2, 0.1 mM
CaCl2, pH 7.3) containing 2 mg/ml sulfo-NHS-biotin and incubated for 1 hr at 4 °C with gentle
agitation. All subsequent centrifugations also occurred at 4 °C. The biotinylation reaction was
terminated by addition of 1 ml 1.0 M glycine in PBS/Ca2+/Mg+ buffer for 10 min on ice. Tissue
was then centrifuged at 8000 g for 4 min, and the pellet was resuspended in 1 ml of 0.1 M
glycine in PBS/Ca2+/Mg+ buffer. This step was repeated twice, followed by incubation of tissue
in 1 ml of 0.1 M glycine in PBS/Ca2+/Mg+ buffer for 30 min at 4 °C with gentle agitation.
Following incubation, tissue was centrifuged at 8000 g for 4 min followed by three washes in
1 ml of PBS/Ca2+/Mg+ buffer. The final pellet was resuspended in 300 μl of 1% Triton X-100
buffer containing protease inhibitors (10 mM Tris, 150 mM NaCl, 1mM EDTA, 1% Triton
X-100, 0.1% SDS, 1% deoxycholic acid, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml
pepstatin, 0.1 mmol/L aminoethylbenzenesulfonyl (AEBSF), pH 7.4) and subjected to 2 – 4
sec of sonication, before a 30-min incubation at 4 °C with gentle agitation. Tissue was then
centrifuged at 20,000 g for 30 min, and 75 μl of the supernatant was removed for analysis of
the “total sample”. The remaining supernatant was incubated with 100 μl of freshly prepared
monomeric avidin beads for 15 – 16 hr at 4 °C with gentle agitation. Samples were then
centrifuged at 17,700 g for 4 min; and 75 μl of supernatant were removed, representing the
“non-biotinylated intracellular fraction”. The remaining supernatant was discarded, and the
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biotinylated protein/avidin bead complex was washed three times with 1 ml of Triton X-100
buffer. Beads were then incubated with 100 μl of Laemmli buffer containing protease inhibitors
(62.5 mM Tris, 20% glycerol, 2% SDS, 5% β-mercaptoethanol, 1 μg/ml aprotinin, 1 μg/ml
leupeptin, 1 μg/ml pepstatin, 0.1 mmol/L AEBSF, pH 6.8) for 1 hr at room temperature with
gentle agitation. Samples were centrifuged a final time at 17,700 g for 4 min; and the
supernatant was removed, representing the “biotinylated, cell-surface fraction”.

2.6. Western blot analysis
Biotinylated samples were subjected to SDS-PAGE on a 7.5% gel before transfer to PVDF
membranes. Equal volumes (10 μl) of total and biotinylated sample were loaded on each gel;
however, it should be noted this resulted in loading a greater percentage of the biotinylated
sample (10%), relative to the total sample (2.5%). Non-biotinylated samples were collected
for measurement of PP2Aα, as a control for intracellular contamination of the synaptosomes,
but were not analyzed between LCRs and HCRs. Samples were run in duplicate, and each gel
contained samples from three rats (1 LCR, 1 HCR and 1 control). After transfer, blots were
blocked in Tris buffered-saline/Tween-20 (TBST; 140 mM NaCl, 20 mM Tris, pH 7.6, 0.01%
Tween-20) containing 5% non-fat dried milk for 1 hr at room temperature. Blots probed for
DAT were incubated with DAT primary antibody (1:10,000 dilution) in TBST containing 3%
BSA. As a control for intracellular contamination, blots were probed for PP2Aα (1:5000
dilution) in TBST. All incubations with primary antibody occurred at 4 °C for 15 – 16 hr.
Following incubation with primary antibody, blots were incubated for 2 hr at room temperature
with HRP-conjugated secondary antibody. DAT and PP2Aα immunoreactive bands were
visualized with enhanced chemiluminescence on x-ray film and analyzed with the program
ImageJ, version 1.40g (Wayne Rasband, National Institute of Health, USA,
http://rsb.info.nih.gov/ij/). As mentioned previously, a greater percentage of the biotinylated
sample was loaded relative to the total sample. Consequently, total sample immunoreactive
values were normalized to biotinylated sample values by multiplying by a correction factor of
4. DAT surface levels were calculated as a percentage of the ratio of the biotinylated DAT
signal to total DAT signal for each LCR, HCR and control rat.

2.7. Data analysis
Data are presented as mean values ± SEM, with n = the number of animals. Statistical analysis
was conducted using SPSS, version 16.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism,
version 5.0 (GraphPad Software, La Jolla, CA, USA). All two-way ANOVA analyses were
conducted using SPSS. The sum of locomotor activity over the first 20, 25 or 30 min post-
cocaine was used for classification of LCRs/HCRs, as described above. In addition, locomotor
activity of the LCRs and HCRs was summed into 30-min bins for analysis of the baseline and
170-min post-cocaine time course (0, 30, 60, 90, 120, 150 and 170 min post-cocaine, with the
exception of the 170-min bin that consists of only 20 min of locomotor activity) with two-way
RMANOVA. When appropriate, locomotor activity post hoc comparisons were conducted
with one-way RMANOVA and Dunnett’s multiple comparisons test comparing cocaine-
induced locomotor activity to baseline locomotor activity values. Baseline values did not differ
between LCRs and HCRs; thus, to normalize and compare % cocaine-induced increases in
locomotor activity over baseline between LCRs and HCRs, baseline was defined as the average
of the LCRs’ and HCRs’ activity during the 30-min pre-injection period. When the assumption
of sphericity was violated for a particular repeated-measures analysis, as revealed by
Mauchly’s test statistic, tests of significance were based on the more conservative Huynh-Feldt
corrected degrees of freedom, as determined with SPSS. The symbol, a, indicates Huynh-Feldt
corrected values throughout the text. One group of LCRs (n = 5) and HCRs (n = 5) in the 170-
min group was included in the locomotor activity analysis, but not in the [3H]DA uptake
analysis because they were not tested in conjunction with vehicle-treated control rats.
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The maximal velocity (Vmax) and affinity (Km) of DAT-mediated specific [3H]DA uptake were
determined for the data from each individual rat using non-linear curve fitting analysis based
on the equation for a rectangular hyperbola (GraphPad Prism). In addition to these absolute
values, [3H]DA uptake values for LCRs and HCRs were also calculated as a percent of their
respective control rat’s value. [3H]DA uptake (% control) for LCRs and HCRs over the entire
180-min time course was compared with two-way ANOVA. When warranted, post hoc
comparisons were conducted using Student’s independent samples t-test. Correlation analysis
was conducted using GraphPad Prism. Statistical outliers were determined according to
Chauvenet’s criterion. Absolute Vmax values were used to determine statistical outliers in the
uptake experiments and resulted in exclusion of 1 rat (HCR) from the 25-min group. Similarly,
surface DAT values determined to be statistical outliers from the group were not included in
analysis, resulting in exclusion of 2 rats (1 LCR and 1 HCR) in the 30-min group. An additional
two rats were not included in the 30-min biotinylation analysis because following behavioral
recording their biotinylation samples were compromised, preventing analysis.

3. Results
3.1. Time-course of cocaine-induced locomotor activity

Analyzing cocaine-induced locomotor activity for 170 min after an acute 10 mg/kg i.p.
injection revealed new differences between LCRs and HCRs. The detailed time-course (10-
min bins) of pre- and post-injection locomotor activity in LCRs, HCRs and vehicle-treated rats
completing the entire 170-min post-injection period is presented in Fig. 1A. In all of the rats,
following the initial exploratory phase, locomotor activity rapidly declined and stabilized at a
minimal level for the last 30 min prior to injection. After injection, their activity again
increased. This increase lasted less than 20 min in the vehicle-injected rats but was more
pronounced and sustained in the cocaine-injected rats. Cocaine-injected rats were subsequently
divided into LCRs and HCRs, based on the group median split (medians for the two groups of
rats used = 7597 cm and 5126 cm; see Methods) of their cocaine-induced locomotor activity
during the first 30 min post-injection. For statistical analysis, locomotor activity of the LCRs
and HCRs was summed into 30-min bins for the final 30-min pre-injection period (baseline)
and the 170-min post-injection period (Fig. 1B). Analysis with two-way RMANOVA revealed
a significant time × classification interaction [aF(7.3, 103.2) = 9.1, p < 0.001]. Subsequent
analysis with one-way RMANOVA comparing cocaine-induced locomotor activity to baseline
locomotor activity revealed significant effects for LCRs [F(6, 72) = 8.8, p < 0.0001] and HCRs
[F(6, 72) = 37.2, p < 0.0001].

LCRs and HCRs were not significantly different in baseline locomotor activity levels
(Student’s t-test, p = 0.33); and as such, the average of their activity during this time was defined
as baseline (618 cm) for determining the % increase in cocaine-induced locomotor activity.
For HCRs, cocaine-induced locomotor activity was significantly increased over baseline
maximally by ~1400 %, but only remained elevated during the first 90 min post-injection (Fig.
1B.). While LCRs exhibited >50% lower maximal level of cocaine-induced locomotor activity
(~600 % over baseline) relative to HCRs, this cocaine-induced increase was more stable and
persisted for 150 min post-injection, before returning to non-significant levels by 170 min post-
injection (Fig. 1B).

3.2. Striatal [3H]DA uptake kinetic parameters in LCRs and HCRs
In order to assess DAT function in LCRs and HCRs over the same extended time period post-
cocaine (10 mg/kg, i.p.), saturation kinetics for specific [3H]DA uptake were measured ex
vivo at 25, 40, 150 and 180 min in washed striatal synaptosomes following behavioral recording
at each of the aforementioned times. Analysis of Vmax values for LCRs and HCRs (% Veh
control; see below) at the different time-points using two-way ANOVA revealed a significant
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time × classification interaction [F(3, 59) = 4.7, p = 0.008]. Analysis of Km values with two-
way ANOVA revealed a significant effect of time [F(3, 90) = 33.9, p < 0.001]. However
importantly, no differences in Km were revealed between LCRs and HCRs at any time point.
These results and subsequent post hoc comparisons between LCRs and HCRs conducted using
Student’s independent samples t-test are presented below with behavioral results from each
time-point.

3.3. Locomotor activity and striatal [3H]DA uptake at 25 min post-cocaine
The distributions of baseline (30 min pre-injection) and cocaine-induced locomotor activity
(20 min post-injection; the shortest time at which LCRs and HCRs could be classified reliably)
for the group of cocaine-treated rats in which striatal DAT kinetics were measured ex vivo at
25 min post-cocaine are shown in Fig. 2A. Rats were classified as either LCRs or HCRs based
on the group median split of cocaine-induced locomotor activity, with HCRs traveling ~twice
the distance of LCRs (Fig. 2A). To control for day-to-day variability (as much as 20%) in
absolute values of striatal [3H]DA uptake, a vehicle-treated control rat was assayed each day,
and its Vmax value was used to normalize the Vmax values from the two cocaine-treated rats
from that day as % control. The relationship for specific uptake (absolute values) over the range
of [3H]DA concentrations used are shown from a representative experiment for an LCR, HCR
and vehicle-treated rat in Fig. 2B. Kinetic parameters for saturation of specific [3H]DA uptake
determined for each group from these analyses were as follows: LCRs Vmax = 62 ± 3 pmol/
min/mg, Km = 171 ± 8 nM, n = 8; HCRs Vmax = 74 ± 3 pmol/min/mg, Km = 161 ± 11 nM, n
= 7; and vehicle-treated rats Vmax = 73 ± 4 pmol/min/mg, Km = 180 ± 17 nM, n = 8.

Vmax values for LCRs and HCRs are presented as a percentage of their respective vehicle-
treated control in Fig. 2C. Similar to previous findings for specific uptake of a single sub-
saturating concentration of [3H]DA at 30 min post-cocaine (Briegleb et al., 2004), these results
showed that 25 min after the acute injection of cocaine, HCRs exhibited significantly greater
velocity of [3H]DA uptake into washed striatal synaptosomes than LCRs. Specifically, Vmax
in HCRs (109 ± 5%; n = 7) was 25% greater than Vmax in LCRs (82 ± 3%; n = 8; Student’s t-
test, p = 0.001; Fig. 2C), with no differences in Km. In addition, in all of the cocaine-treated
rats and regardless of LCR/HCR classification, at this time point Pearson correlation analysis
revealed a significant positive correlation between distance traveled in the 25 min after cocaine
injection and DAT Vmax (Pearson’s r = 0.78, p < 0.001; Fig. 2D).

3.4. Locomotor activity and striatal DAT cell surface expression at 30 min post-cocaine
The difference observed in [3H]DA uptake Vmax, but not Km, between LCRs and HCRs at 25
min post-cocaine is consistent with altered DAT cell surface expression. Therefore, in order
to assess this possibility directly, striatal DAT cell-surface biotinylation assays were conducted
at 30 min post-cocaine. The distributions of baseline and cocaine-induced locomotor activity
(25 min post-injection) for this group of rats and mean cocaine-induced locomotor activity
values for rats classified as LCRs and HCRs are shown in Fig. 3A. Despite the LCR/HCR
Vmax differences at 25 min post-cocaine, however, no differences were observed in DAT
surface expression between LCRs (29 ± 2%; n = 10), HCRs (31 ± 3%; n = 10) and vehicle-
treated control rats (22 ± 2%; n = 11) at 30 min post-cocaine (Fig. 3B). No appreciable levels
of PP2Aα were detected in the biotinylated fractions of any group, suggesting that the
synaptosomes were not “leaky” and these fractions were free from intracellular contamination
with biotin (data not shown). In contrast, PP2Aα was detected strongly in the total and non-
biotinylated fractions (data not shown). Further, DAT surface expression and distance traveled
30 min post-cocaine in all of the cocaine-treated rats were not correlated (Pearson’s r = 0.005,
p > 0.05; Fig. 3C).
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3.5. Locomotor activity and striatal [3H]DA uptake at 40 min post-cocaine
The distributions of baseline and cocaine-induced locomotor activity (30 min post-injection)
for this group of rats in which striatal DAT kinetics were measured ex vivo at 40 min post-
cocaine and mean cocaine-induced locomotor activity values for LCRs and HCRs are shown
in Fig. 4A. Kinetic parameters for specific [3H]DA uptake determined for each group from
these analyses were as follows: LCRs Vmax = 63 ± 6 pmol/min/mg, Km = 91 ± 6 nM, n = 9;
HCRs Vmax = 57 ± 6 pmol/min/mg, Km = 82 ± 6 nM, n = 9; and vehicle-treated rats Vmax =
68 ± 9 pmol/min/mg, Km = 76 ± 9 nM, n = 9. Expressed as % respective control, kinetic
parameters for [3H]DA uptake at 40 min post-cocaine no longer differed significantly between
LCRs and HCRs; however, there was a statistical trend for greater Vmax values in HCRs (101
± 5 %, n = 9) compared to LCRs (82 ± 7 %, n = 9; Student’s t-test, p = 0.06; Fig. 4B). Similar
to 25 min post-cocaine, Km values did not differ between LCRs and HCRs. However, unlike
25 min after cocaine, in this case a significant correlation between cocaine-induced distance
traveled in all of the rats (30 min post-cocaine) and DAT Vmax values (40 min post-cocaine)
was not detected (Pearson’s r = 0.20, p = 0.40; Fig. 4C).

3.6. Locomotor activity and striatal [3H]DA uptake at 150 min post-cocaine
By 150 min after cocaine injection, the locomotor activity relationship between LCRs and
HCRs had switched, with only LCRs still showing cocaine-induced activation (Fig. 1B). Thus,
we were also interested in determining DAT kinetics in LCRs and HCRs at later post-cocaine
time points. The distributions of baseline and cocaine-induced locomotor activity (30 min post-
injection) for the group of rats in which striatal DAT kinetics were measured ex vivo at 150
min post-cocaine and mean cocaine-induced locomotor activity values for LCRs and HCRs in
this group are shown in Fig. 5A. Kinetic parameters for specific [3H]DA uptake determined
for each group from these analyses were as follows: LCRs Vmax = 50 ± 5 pmol/min/mg, Km
= 186 ± 22 nM, n = 9; HCRs Vmax = 45 ± 6 pmol/min/mg, Km = 132 ± 22 nM, n = 9; and
vehicle-treated rats Vmax = 52 ± 7 pmol/min/mg, Km = 154 ± 23 nM, n = 9. Expressed as %
respective control, Vmax values were not significantly different between LCRs (107 ± 10%, n
= 9) and HCRs (87 ± 6%, n = 9; Fig. 5B) at 150 min post-cocaine. Similar to the earlier time
points, there were also no significant LCR/HCR differences in Km. Further, no correlation was
detected between distance traveled 30 min post-cocaine and DAT Vmax values at this time
point in all of the cocaine-treated rats (Pearson’s r = −0.37, p > 0.05; Fig. 5C).

3.7. Locomotor activity and striatal [3H]DA uptake at 180 min post-cocaine
Striatal DAT [3H]DA uptake kinetics were also determined for LCRs and HCRs at a time point
(180 min post-injection) when neither LCRs nor HCRs exhibited a cocaine-induced increase
in locomotor activity. Kinetic parameters for specific [3H]DA uptake determined for each
group from these analyses were as follows: LCRs Vmax = 62 ± 3 pmol/min/mg, Km = 43 ± 3
nM, n = 8; HCRs Vmax = 77 ± 6 pmol/min/mg, Km = 55 ± 4 nM, n = 8; and vehicle-treated
rats Vmax = 64 ± 7 pmol/min/mg, Km = 44 ± 6 nM, n = 8. Expressed as % respective control
at 180 min post-cocaine, neither Vmax values (LCRs 104 ± 4.6%, n = 8; HCRs 112 ± 7%, n =
8) nor Km values differed between LCRs and HCRs. Further, no correlation was detected
between distance traveled 30-min post-cocaine and DAT Vmax values at this time point
(Pearson’s r = −0.08, p > 0.05).

3.8. Locomotor activity and striatal DAT cell surface expression at 180 min post-cocaine
To assess striatal DAT cell surface expression in LCRs and HCRs at a later time after cocaine
administration, cell-surface biotinylation assays were also conducted 180 min post-cocaine.
Similar to 30 min post-cocaine, at this later time ~30% of the DATs were detected on the
surface of the striatal synaptosomes and no significant differences were observed in DAT
surface expression between LCRs (29 ± 2%, n = 6), HCRs (31 ± 2%, n = 6) and vehicle-treated
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rats (31 ± 2%, n = 6). Again, no appreciable levels of PP2Aα were detected in the biotinylated
fractions, indicating these samples were free of intracellular biotin contamination; and high
levels of PP2Aα were detected in the total and non-biotinylated fractions (data not shown).
Further, no correlation was observed between distance traveled 30 min post-cocaine and DAT
surface expression at 180 min post-cocaine (Pearson’s r = 0.27, p > 0.05).

4. Discussion
Studying a more extended time course of cocaine-induced locomotor activity and conducting
a detailed kinetic analysis of striatal DATs revealed additional important LCR/HCR
differences. While the large initial increase in cocaine-induced locomotor activity in HCRs
dissipated by 120 min post-injection, the >50% lower level of maximal cocaine-induced
activity in LCRs persisted for ~33% longer. The identification of LCR/HCR differences in
cocaine’s effects on DATs was further expanded to include [3H]DA uptake Vmax values. While
at 25 min post-cocaine HCRs exhibited significantly greater DAT Vmax than LCRs, this
difference was a statistical trend by 40 min post-cocaine and completely absent by 150 and
180 min post-injection. Although increases in Vmax without changes in Km are consistent with
altered DAT surface expression, no LCR/HCR differences were detected with cell surface
biotinylation assays conducted at 30 min post-cocaine.

Previous LCR/HCR studies recorded cocaine-induced locomotor activity for as long as 60 min
post-cocaine (Gulley et al., 2003; Sabeti et al., 2002, 2003). In the first 30 min marked
differences were observed in cocaine-induced locomotor activity, with HCRs exhibiting ≥two-
fold greater activity than LCRs. These behavioral profiles began to converge around 60 min.
However, when we recorded locomotor activity up to 170 min after the same dose of cocaine
(10 mg/kg, i.p.), we observed additional LCR/HCR differences. The large initial increase in
cocaine-induced activation in HCRs returned to baseline by 120 min post-injection. This
behavioral profile is typically reported following 10 mg/kg i.p. cocaine administration and is
consistent with cocaine pharmacokinetics (Broderick et al., 1993; Kalivas and Duffy, 1993;
Lau et al., 1991). Interestingly, in contrast to HCRs, the lower level of cocaine-induced
activation in LCRs was more long-lasting and did not return to baseline until 170 min post-
injection, resulting in a reversal of the more active phenotype after 90 min (i.e. LCRs>HCRs).

In a previous study using a single non-saturating concentration of [3H]DA to measure uptake
30 min after acute cocaine, uptake into striatal synaptosomes was increased in HCRs, compared
to LCRs; and distance traveled and uptake in individual rats were positively correlated over
the same time (Briegleb et al., 2004). Here, examination of a similar time point (25 min post-
cocaine) confirmed these findings and extended them by showing that an increased Vmax,
without changes in Km, explained the greater DAT activity observed in HCRs. We also found
a significant positive correlation between cocaine-induced distance traveled and Vmax values
during this time, suggesting that the magnitudes of cocaine-induced locomotor activity and
striatal DAT function are related in outbred male Sprague-Dawley rats.

Importantly, here we also found that ex vivo DAT function of LCRs and HCRs paralleled their
cocaine-induced locomotor activity over a much longer period post-cocaine. When HCRs
exhibited the largest increase in cocaine-induced locomotor activity compared to LCRs, they
also displayed their fastest DAT velocity (see Fig. 2). However, as cocaine-induced locomotor
activity decreased in HCRs over time, the LCR/HCR differences in DAT function also
disappeared. Notably, these results appear to provide an example of a role for rapid-regulation
of DAT activity in controlling the acute behavioral effects of cocaine.

The question is, however, whether the higher striatal DAT Vmax in HCRs, measured 25 min
post-cocaine, represents a baseline or a cocaine-induced difference. We favor the latter
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explanation for several reasons. First, no baseline LCR/HCR differences in locomotor activity,
striatal DA clearance or extracellular DA levels have been observed; these differences are only
revealed following cocaine injection (Gulley et al., 2003; Nelson et al., 2009; Sabeti et al.,
2002). Second, HCRs have significantly fewer total DAT binding sites than LCRs in dorsal
striatum, as measured with [3H]WIN 35,428 at 35 min post-cocaine (Nelson et al., 2009). Thus,
the significant increase in DAT-mediated activity observed in HCRs, relative to LCRs, at 25
min post-cocaine is not likely due to baseline differences. Third, others have shown that acute
in vivo exposure to higher dose cocaine can rapidly and markedly up-regulate DAT function
in synaptosomes prepared from rat nucleus accumbens (Daws et al., 2002). Thus, following
cocaine’s significant initial inhibition of the DAT and increase in extracellular DA in HCRs
(Nelson et al., 2009; Sabeti et al., 2002), striatal DAT function may be rapidly up-regulated to
compensate for these differential effects of cocaine in HCRs. The need for increased DAT
function would be expected to decrease over time as cocaine’s effects decline. Indeed, when
HCRs’ activity did not differ from baseline, their Vmax values were no longer increased relative
to LCRs. In contrast, the magnitude of cocaine’s inhibition of the DAT and/or the increase in
extracellular DA levels in LCRs may be insufficient (or LCRs may be unable) to trigger this
same type of regulatory response.

The LCR/HCR differences in [3H]DA uptake Vmax observed here were suggestive of altered
DAT surface expression. However, cell surface biotinylation assays did not reveal any
differences. Acute exposure to cocaine has been shown to increase DAT function ex vivo in
rat nucleus accumbens synaptosomes and DAT surface expression in vitro in heterologous cell
systems (Daws et al., 2002; Little et al., 2002). However, increased surface DATs were not
observed following in vitro exposure of striatal synaptosomes to cocaine (Chi and Reith,
2003). Thus, cocaine-induced increases in surface DATs in striatal synaptosomes have not
been observed following in vitro drug exposure and have not been explored using the ex vivo
model. Potential reasons that we did not detect a cocaine-induced increase in surface DAT
expression include the relatively low dose of cocaine administered, use of synaptosomes (vs.
intact cells) and/or the sensitivity of the biotinylation assays, as well as the possibility that cell
surface DATs were unchanged. An alternative approach would be to measure DAT uptake
kinetics and cell surface expression in a slice preparation using electrochemical methods and
biotinylation assays, respectively. However, to assess post-cocaine changes accurately, slices
would have to be assayed immediately, without any time for recovery of their energy stores.

The transiently higher striatal DAT Vmax observed in HCRs could be explained entirely by
kinetic alterations in the DAT. Others have reported rapid trafficking-independent increases
in DAT function. For example, acute nicotine administration increased [3H]DA uptake Vmax
in striatal synaptosomes without changing Km; and this increase was not paralleled by altered
DAT surface expression detected by either cell-surface biotinylation or sub-cellular
fractionation assays (Middleton et al., 2007). Interestingly, in this study nicotine increased
Vmax by 25%, which is the same magnitude of increase seen here in HCRs over LCRs.
Furthermore, trafficking-independent alterations in function have been reported for the related
NET and SERT, suggesting this may be a common mechanism for rapid, transient regulation
of the monoamine transporter family (Apparsundaram et al., 2001; see Steiner et al., 2008;
Zhu et al., 2005a; Zhu et al., 2004). Trafficking-independent alterations in DAT function might
result from post-translational modification, such as phosphorylation, or from changes in Na+/
Cl− binding to the DAT. Regardless, determining the molecular mechanisms mediating these
differences in DAT function between LCRs and HCRs following cocaine administration will
be critical directions for future experiments.

This study revealed additional differences in cocaine-induced locomotor activity and DAT
function between LCRs and HCRs over a more prolonged time post-cocaine. These findings
suggest that HCRs, as compared to LCRs, exhibit the more “normal” marked and short-lived
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locomotor response to acute administration of lower dose cocaine, as well as an increased
ability to rapidly up-regulate striatal DAT function. Importantly, overall changes in cocaine-
induced locomotor activation and striatal DAT Vmax in HCRs paralleled one another, providing
evidence for a role of rapid DAT regulation in controlling the behavioral response to acute
cocaine. It will be important in the future to determine if differences in rapid regulation of DAT
function persist in LCRs and HCRs following repeated cocaine and if this is one of the
mechanisms contributing to the increased susceptibility of LCRs to the rewarding and
reinforcing effects of cocaine that we have observed in previous studies.
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Fig. 1.
Distinct locomotor activity profiles in LCRs and HCRs during the 170 min after an acute
injection of cocaine (10 mg/kg, i.p.; arrow). A Locomotor activity of LCRs (n = 13), HCRs (n
= 13) and vehicle (veh)-treated control rats (n = 5) summed into 10-min bins over the 90-min
pre-injection and 170-min post-injection period. B LCR/HCR locomotor data from (A)
summed into 30-min bins over the 30-min pre-injection (baseline; time 0) and 170-min post-
cocaine period for statistical analysis. Values are presented as mean ± SEM. ★★★ p < 0.001,
HCR; ##p < 0.01, ###p < 0.001, LCR; all values compared to baseline.
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Fig. 2.
Classification of LCRs and HCRs and kinetic analysis of DAT-mediated uptake in striatal
synaptosomes prepared 25 min post-cocaine from these rats. A Distribution of baseline and
the initial 20 min of cocaine-induced locomotor activity in rats subsequently classified as either
LCRs or HCRs (bars). The solid horizontal line represents this group’s median cocaine-induced
locomotor activity. B Representative results for specific [3H]DA saturation uptake for an LCR,
HCR and veh-treated rat, assayed on the same day, in the presence of 0.5 nM [3H]DA and
increasing concentrations of unlabeled DA (0, 5 nM, 10 nM, 50 nM, 0.1 μM, 0.5 μM, and 1
μM). C [3H]DA uptake Vmax values for all LCRs (n = 8) and HCRs (n = 8) presented as a
percentage of their respective veh-treated control. D Correlation of distance traveled 20 min
post-cocaine and Vmax values at 25 min post-cocaine for all cocaine-treated rats. Bars in (A)
and (C) are means ± SEM. ★★★ p < 0.001, LCR vs. HCR.
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Fig. 3.
Classification of LCRs and HCRs and cell surface DATs in striatal synaptosomes prepared 30
min post-cocaine in these rats. A Distribution of baseline and the initial 25 min of cocaine-
induced locomotor activity in rats subsequently classified as either LCRs or HCRs. The solid
horizontal line represents this group’s median cocaine-induced locomotor activity. B
Representative Western blot for DAT in the total (tot) and biotinylated (bio) fractions from an
LCR, HCR and veh-treated rat. Bottom panel: Surface DAT values for all LCRs (n = 10), HCRs
(n = 10) and veh-treated rats (n = 11), expressed as a percentage of their respective tot value.
C Correlation of distance traveled 25 min post-cocaine and surface DAT values 30 min post-
cocaine for all cocaine-treated rats. Bars in (A) and (B) are means ± SEM.
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Fig. 4.
Classification of LCRs and HCRs and kinetic analysis of DAT-mediated uptake in striatal
synaptosomes prepared 40 min post-cocaine from these rats. A Distribution of baseline and
the initial 30 min of cocaine-induced locomotor activity in rats subsequently classified as either
LCRs or HCRs (bars). The solid horizontal line represents this group’s median cocaine-induced
locomotor activity. B [3H]DA uptake Vmax values for all LCRs (n = 9) and HCRs (n = 9)
presented as a percentage of their respective veh-treated control; p = 0.06 for LCR vs. HCR.
C Correlation of distance traveled 30 min post-cocaine and Vmax values at 40 min post-cocaine
for all cocaine-treated rats. Bars in (A) and (B) are means ± SEM.
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Fig. 5.
Classification of LCRs and HCRs and kinetic analysis of DAT-mediated uptake in striatal
synaptosomes prepared 150 min post-cocaine from these rats. A Distribution of baseline and
the initial 30 min of cocaine-induced locomotor activity in rats subsequently classified as either
LCRs or HCRs (bars). The solid horizontal line represents this group’s median cocaine-induced
locomotor activity. B [3H]DA uptake Vmax values for all LCRs (n = 9) and HCRs (n = 9)
presented as a percentage of their respective veh-treated control. C Correlation of distance
traveled 30 min post-cocaine and Vmax values at 150 min post-cocaine for all cocaine-treated
rats. Bars in (A) and (B) are means ± SEM.
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